In this letter, we present non-degenerate ultrafast optical pump-probe studies of the carrier recombination dynamics in MoS 2 monolayers. By tuning the probe to wavelengths much longer than the exciton line, we make the probe transmission sensitive to the total population of photoexcited electrons and holes. Our measurement reveals two distinct time scales over which the photoexcited electrons and holes recombine; a fast time scale that lasts ∼2 ps and a slow time scale that lasts longer than ∼100 ps. The temperature and the pump fluence dependence of the observed carrier dynamics are consistent with defect-assisted recombination as being the dominant mechanism for electron-hole recombination in which the electrons and holes are captured by defects via Auger processes. Strong Coulomb interactions in two dimensional atomic materials, together with strong electron and hole correlations in two dimensional metal dichalcogenides, make Auger processes particularly effective for carrier capture by defects. We present a model for carrier recombination dynamics that quantitatively explains all features of our data for different temperatures and pump fluences. The theoretical estimates for the rate constants for Auger carrier capture are in good agreement with the experimentally determined values. Our results underscore the important role played by Auger processes in two dimensional atomic materials. 
longer than the exciton line, we make the probe transmission sensitive to the total population of photoexcited electrons and holes. Our measurement reveals two distinct time scales over which the photoexcited electrons and holes recombine; a fast time scale that lasts ∼2 ps and a slow time scale that lasts longer than ∼100 ps. The temperature and the pump fluence dependence of the observed carrier dynamics are consistent with defect-assisted recombination as being the dominant mechanism for electron-hole recombination in which the electrons and holes are captured by defects via Auger processes. Strong Coulomb interactions in two dimensional atomic materials, together with strong electron and hole correlations in two dimensional metal dichalcogenides, make Auger processes particularly effective for carrier capture by defects. We present a model for carrier recombination dynamics that quantitatively explains all features of our data for different temperatures and pump fluences. The theoretical estimates for the rate constants for Auger carrier capture are in good agreement with the experimentally determined values. Our results underscore the important role played by Auger processes in two dimensional atomic materials. The bandgaps of most TMDs are in the visible to near-IR wavelength range, making these materials suitable for light emitters, photodetectors, and solar cells 5, 10, 13, [16] [17] [18] . In addition, optical control of valley polarization in TMDs has opened opportunities for devices based on the valley degree of freedom 6 . The lifetimes of electrons and holes are critical to all the proposed and demonstrated TMD optoelectronic devices. Despite the recent progress, carrier lifetimes and nonradiative electron-hole recombination mechanisms in TMDs remain poorly understood. Developing a better understanding of the non-radiative electron-hole recombination mechanisms in TMDs is especially important because the reported quantum efficiencies in both TMD light emitters and detectors are extremely poor; in the .0001-.01 range 10, 13, [16] [17] [18] . Similar quantum efficiencies for TMDs have been observed in photoluminescence experiments 2,3 . In contrast, the best reported internal and external quantum efficiencies observed in photoluminescence in III-V semiconductors exceed 0.9 and 0.7, respectively 19 . Therefore, most of the electrons and holes injected either electrically or optically in TMDs recombine non-radiatively. The mechanisms by which electrons and holes recombine non-radiatively, and the associated time scales, remain to be clarified.
In this letter, we report results on the ultrafast dynamics of photoexcited carriers from nondegenerate optical pump-probe experiments performed on monolayer MoS 2 . In contrast to the previously reported optical pump-probe studies of monolayer MoS 2 20 -22 , in which the probe wavelength was tuned close to the exciton line (∼650 nm), the probe wavelength in our experiments is chosen to be much longer than the exciton line such that the probe transmission is affected predominantly by intraband absorption from the electrons and holes created by the pump pulse and not by resonant or near-resonant interband excitonic nonlinearities which are more difficult to interpret quantitatively 23 . The probe transmission in our experiments is used to observe the total photoexcited carrier populations, including both free carriers and bound carriers (excitons), and their dynamics. Our results are consistent with defect-assisted recombination as being the dominant mechanism for electron-hole recombination in which the the electrons and holes are captured by defects via Auger processes. The temperature and the pump fluence dependence of the observed carrier dynamics, together with the small photoluminescence quantum efficiencies, rule out most other recombination mechanisms as playing the dominant role. In most bulk semiconductors, Auger processes for carrier capture by defects are believed to be important at high carrier densities and single and multi-phonon processes for carrier capture dominate at low carrier densities [24] [25] [26] [27] [28] . However, electron-electron and electron-hole interactions are particularly strong in two-dimensional TMDs. For example, the exciton binding energies in TMDs are almost two orders of magnitude larger than in most III-V semiconductors 29, 30 . The strong Coulomb interactions in Sample Preparation and Experimental Technique: Our monolayer samples were mechanically exfoliated from bulk MoS 2 (obtained from SPI Supplies and 2D Semiconductors) and transferred onto quartz substrates. Sample thickness was confirmed by both Raman and transmission/reflection spectroscopy and monolayers were identified 31 . The samples were found to be ndoped. The electron density was estimated from Raman measurements to be in the 2-3×10 12 1/cm 2 range 29, 32 . Electrical measurements on similar samples on oxide-coated doped silicon substrates (with electrostatic gating) yielded intrinsic electron densities in the same range 29 . The samples were placed in a helium-flow cryostat. In the optical pump-probe experiments, ∼80 fs pulses at 905 nm wavelength (1.37 eV photon energy) from a Ti-Sapphire laser were frequency doubled to 452 nm (2.74 eV) by a beta-BaB 2 O 4 crystal. The 2.74 eV pump pulses were used to excite electrons from the valence band into the conduction band in the sample, and the differential transmission A 20X objective was used to focus the pump and the probe beams onto the sample. From direct pump absorption measurements, 1 µJ/cm 2 pump fluence is estimated to generate an electron (and hole) density of ∼2.5×10 11 1/cm 2 . The measurement time resolution was ∼400 fs, and was limited by the dispersion of the optics in the setup. The measured ∆T /T can be expressed as 33, 34 ,
Where, σ r (σ i ) is the real (imaginary) part of the sample optical conductivity, n s ≈ 1.45 is the refractive index of the substrate, and η o is the free-space impedance. The optical conductivities were measured by broadband transmission and reflection spectroscopies, and are shown in Figures 1(a)-(d), at 5 and 300 K, respectively. When the probe energy is either near an exciton resonance or near a band-edge, the sign and the magnitude of the changes in the optical conductivities after photoexcitation, due to excitonic optical nonlinearities and band-filling effects, can have a complicated dependence on the probe energy. This makes quantitative interpretation of pumpprobe data a difficult task 23 . We therefore chose the probe energy to be much smaller than the exciton resonance. No detectable optical absorption or photoluminescence was observed in the samples at the probe energy (1.37 eV) indicating that the sample had no optically active midgap defect states at this energy. Changes in the imaginary part of the optical conductivity after photoexcitation due to excitonic optical non-linearities and band filling effects are expected to be positive at the probe energy 23 , thereby making ∆T /T positive, which is contrary to our experimental observations discussed below. In addition, since η o σ r and η o σ i are both 1 at the probe energy (see Figure 1) , the second term on the right hand side in (1) is expected to be much smaller than the first term. The differential transmission of the probe is expected to be affected predominantly by changes in the real part of the optical conductivity as given by the first term on the right hand side in (1) due to intra-conduction band and intra-valence band absorption 35 .
Therefore, ∆T /T is expected to be negative.
The exciton binding energies in most TMDs are in the few hundred meV range 29, 30 . Such large binding energies imply that photoexcited electrons and holes could form excitons relatively quickly. The goal of our experiments is not to study the exciton formation dynamics. When the probe photon energy is much smaller than the exciton binding energies, the excitons respond like a charge neutral insulating gas and, unlike free carriers, do not contribute to the probe intraband absorption 36, 37 . When the probe photon energy is much larger than the exciton binding energies and also much smaller than the optical bandgap, as is the case in our experiments, excitons contribute to the intraband absorption in approximately the same way as the free carriers [37] [38] [39] [40] . This is shown explicitly in the supplementary information using exciton conductivity sum rules. The change in the real part of the optical intraband conductivity of the sample at the probe frequency can therefore be written approximately in the Drude form as (see supplementary information),
where ω is the probe frequency, τ is the damping rate, m e and m h are the electron and hole effective masses (assumed to be equal to 0.5m o 29 ), and ∆n and ∆p are the photo-induced changes in the total electron and hole densities including both free and bound (excitons) carriers. Therefore, the probe transmission in our experiments is sensitive to the total carrier population, and enables studies of the carrier recombination dynamics and mechanisms, which is the focus of our work. We now discuss the processes that contribute to the observed transients. Possible thermal diffusion of hot photoexcited carriers out of the pump or probe focus spots was ruled out as a contributing factor to the observed transients by changing the focus spot size in measurements 21 .
Although carrier generation by the pump pulse and subsequent hot carrier intraband relaxation (limited by the ∼4 ps time resolution in their experiments) and PL is likely to increase as the carriers thermalize and cool. Also, the intraband carrier relaxation times for electrons were measured by Tanaka et al. 43 in bulk MoS 2 using two-photon photoemission spectroscopy and times shorter than the pump intensity indicates that the steady state non-radiative recombination rates increase faster with the photoexcited electron and hole densities compared to the radiative recombination rates.
In addition, radiative lifetimes of excitons and trions were recently reported by us 45 and were found to be generally much longer compared to the picosecond scale dynamics observed in region (II).
Based on these observations and considerations we attribute the measured transient in regions (II) and (III) to the non-radiative capture and recombination of photoexcited carriers. In order to determine the non-radiative capture and recombination mechanisms we look at the temperature and pump fluence dependence of the time scales observed in the transients. Interestingly, the time scales in ∆T /T exhibited no observable temperature dependence over the entire temperature range 5-300 K. In Figure 4 (b), normalized ∆T /T is plotted as a function of the probe delay for two different temperatures (5 K and 300 K) and shows no significant temperature dependence in the time scales (the pump fluence was fixed at ∼32 µJ/cm 2 in both cases). In Figure   5 phonon-assisted processes, and (b) Auger processes. Phonon-assisted processes can be singlephonon processes or multi-phonon processes, including phonon-cascade processes [24] [25] [26] . The carrier capture rates in all phonon-assisted processes depend strongly on the lattice temperature [24] [25] [26] . For example, the rates of activated multi-phonon capture processes depend exponentially on the lattice temperature 24, 26 . In contrast, the rate of carrier capture by defects via Auger processes is largely temperature independent and consistent with our observations 27, 28, 46, 47 (see also supplementary information). A simple rate equation model based on Auger carrier capture by defects can be developed that explains all features of our data. We note that the sudden transition from the fast time scale in region (II) to the slow time scale in region (III) in the measured transients cannot be explained by saturation of the defects states alone since, as already discussed, the measured time scales in Figure 5 do not exhibit strong pump fluence dependence. Most semiconductors contain defect levels with very different carrier capture rates [48] [49] [50] [51] [52] . Monolayer MoS 2 is known to have several different kinds of point defects, such as sulfur and molybdenum vacancies and interstitials, in addition to grain boundaries and dislocations 4,53-60 . We assume two different deep midgap defect levels in our samples; a fast defect level and a slow defect level, labeled by subscripts f and s, respectively. In our n-doped samples, the defect levels are assumed to be fully occupied in thermal equilibrium.
Keeping only the most important Auger capture processes in n-doped materials ((a) and (c) in Figure 6 ), and ignoring electron and hole emission from the deep defects, we obtain the following rate equations for the electron and hole densities (see supplementary information),
Here, n and p are the electron and hole densities and include both free electrons and holes as well as bound electrons and holes (excitons) (see supplementary information), n f (n s ) is the density of fast (slow) defect levels, and F f (F s ) is the electron occupation of the fast (slow) defect level.
A f /s (B f /s ) is the rate constant for the Auger capture of electrons (holes) by the defects. I(t) is the pump pulse intensity (units: µJ/cm 2 -s) and g equals ∼2.5×10 11 1/µJ (from measurements).
Change in the probe pulse transmission through the photoexcited sample is assumed to be given by (1) and (2). The essential dynamics captured by the above Equations are presented in Figure   7 and consist of three main steps corresponding to the three temporal regions in is also equal to the photoexcited electron density n − n o left in the conduction band. Therefore, in region (III) the rate equation for the electron density becomes,
The last approximate equality above follows from the fact that in region (III) the remaining pho- depicted in Figure 7 are reproduced by the model using the parameter values given in Table 1 .
From the computed carrier densities, one can obtain the scaling of the peak value of |∆T /T | with the pump fluence. Figure 9 . In this Section, we derive expressions for the Auger carrier capture rates in two dimensional materials like MoS 2 . We make order of magnitude estimates for the rates and
show that strong Coulomb interactions in two dimensional materials can make Auger capture rates fairly large and consistent in magnitude with our experimental observations. For simplicity, we will look at process (c) in detail in which a hole scatters off an electron and is captured by a deep defect and the electron is scattered to a higher energy. The rates for all other processes can be calculated in a similar manner. We assume a defect level at an energy E d above the valence band maxima at the K and K points in the first Brillouin zone of MoS 2 . The wavefunction of the electron in the defect state can be written most generally as,
Here, the sum over n runs over all the energy bands, ψ n, k ( r) are the Bloch functions, u n, ko ( r) are the periodic part of the Bloch functions evaluated for k = k o , where k o could be the location of either one of the K or K points under consideration. The second equality follows in the spirit of multi-band effective mass theory. A deep level, unlike a shallow level, is likely to have contributions from multiple bands 27, 28 . The functions A n ( r) are assumed to be localized near the defect. The relevant term in the Coulomb interaction that describes the process in Figure 9 (b) can be written as,
We have suppressed spin and valley indices in the above expression for simplicity. b k , c k , and d j are the destruction operators for states in the valence band, conduction band, and the defect. j runs over all the defects in the crystal. V (q), given by e 2 /(2 o ( q)q), is the 2D Coulomb potential and the dielectric constant ( q) appropriate for MoS 2 is given by Zhang et al. 29 . A is the area of the sample. The overlap factor F ( k, k , q) equals,
The initial many body state |i is the electron-hole plasma created after photoexcitation and consists of free as well as bound (excitons) carriers. An expression for the defect capture rate can be derived that incorporates correlations between electrons and holes. Using Fermi's golden rule, the hole capture rate R (units: 1/cm 2 -s) for the process depicted in Figure 9 (b) can be written as,
The squared matrix element in the above expression is proportional to the many body correlation function,
As shown by Kira et al. 38 , the above correlation function can be generally approximated as, np(1 + g( r = 0)), where n and p are the total electron and hole densities, including electrons and holes present in the form of bound excitons, and the dimensionless function g( r = 0) expresses the enhancement in the probability of finding an electron and a hole at the same location in space due to correlations 38 . If the electrons and holes are completely uncorrelated then g( r = 0) ≈ 0. On the other hand, if all the electrons and holes are bound and are in the lowest exciton level (1s) with relative coordinate wavefunction φ R 1s ( r), then g( r = 0) ∝ |φ R 1s ( r = 0)| 238 . Given that the exciton radii in monolayer MoS 2 is 7-9 A • (Zhang et al. 29 ), g( r = 0) can be larger than ∼100. Electron-hole correlations induced by Coulomb interactions can therefore drastically increase the Auger carrier capture rates.
In order to compute the capture rate in (10), we need to specify the initial and final energies, E i and E f , respectively. With reference to the wavevectors in the correlation function i|c † k 1
and assuming a momentum q is transferred to an electron in the conduction band in the process depicted in Figure 9 (b), we obtain,
If the initial electron and hole pair were bound, E α would be the binding energy associated with the exciton wavefunction φ R α ( r). If the pair were not bound, E α can be approximated as the relative motion kinetic energy of the pair,
The term 2 | k 2 − k 2 | 2 /2(m e + m h ) is the center of mass energy of the initial electron and hole pair, and 2 | k 2 + q| 2 /2m e is the energy of the scattered electron. Assuming that the defect level is deep, and E d is very large, q will be much larger than k 2 or k 2 . Therefore, we approximate the delta function appearing in (10) as,
We also approximate the overlap factor F ( k 2 , k 2 , q) as,
Assuming a defect density n d , and an average defect occupation of F d , and including spin and valley degeneracies, the hole capture rate in (10) can be written in a simple form,
where
If the defect wavefunction is assumed to have the spherically symmetric shape of an s-orbital with radius a then,
In order to make an order of magnitude estimate of the value of the rate constant B in (16), we assume a defect wavefunction radius of ∼4 A • , which is appropriate for highly localized deep defects 27 , and a defect energy ∼1 eV above the valence band edge (E d = 1 eV). Assuming m h = m e = 0.5m o 29 , and using the expression for the wavevector dependent dielectric constant for a
MoS 2 monolayer on a quartz substrate given by Zhang et al. 29 , we obtain values of B equal to 2.2 × 10 −13 cm 4 /s and 2.2 × 10 −11 cm 4 /s for assumed values of g( r = 0) equal to 0 and 100, respectively. In comparison, the largest experimentally determined values in this work (see value of B f for the fast traps in Table 1 in the text) are in the range 7.3 × 10 −13 -2.4 × 10 −12 cm 4 /s (taking into account the uncertainty in the sample defect density listed in Table 1 ). Therefore, the rate constants for Auger carrier capture processes in MoS 2 determined from the theory agree well with the experimental data. Interestingly, the smallest and the largest values of g( r = 0), used as a fitting parameter, needed to obtain an exact match between the theory and our experimental data are ∼2.3 and ∼10, respectively.
Similar calculations shows that the rate of the other capture processes in Figure 9 are,
In (a) and (b) the defect energy E d is measured from the conduction band bottom, and in (c) and (d) the defect energy E d is measured from the valence band top.
Intraband Absorption by Free Carriers and Excitons:
In this Section, we derive an expression for the excitonic contribution to the intraband absorption and show that at optical frequencies much higher than the exciton binding energies and much lower than the optical bandgap, the intraband conductivity of excitons looks similar to the intraband conductivity of free carriers. We assume a MoS 2 monolayer with free electron density n f , free hole density p f , and bound exciton density n ex . The total electron density n is n f + n ex and the total hole density p is p f + n ex . The total intraband conductivity σ(ω) can be written as σ f (ω) + σ b (ω), where σ f (ω) is the contribution from the free carriers and σ b (ω) is the contribution from the bound excitons. We now show that the contribution to the real part of the intraband conductivity from all the carriers, free and bound, at the frequencies of interest can be written as,
The real part of the intraband conductivity contribution from the free carriers must satisfy the partial sum rule 63 ,
In addition, the high frequency limit of the imaginary part of the conductivity σ if (ω) follows from the Lehmann representation of the current correlation function 63 ,
An expression that satisfies both the above conditions is given by the Drude form,
in many different ways 63 . To find the intraband conductivity of the excitons we start from the relative coordinate operator for the exciton,ˆ r =ˆ r h −ˆ r e (26) whereˆ r h andˆ r e are electron and hole position operators. We have,
whereˆ p is the relative momentum conjugate toˆ r,n is any unit vector, and m r is the reduced electron-hole mass,
It follows that,
Suppose |α represent all exciton states, tightly bound as well as ionized, with energies E α . Taking the matrix elements of the above commutator equation with the exciton states we get,
The above expression is a modification of the well known Thomas-Reich-Kuhn oscillator strength sum rule. Most of the oscillator strength on the left hand side comes from the terms in which both |α and |β are bound exciton states or low energy ionized states. Now consider an exciton gas with density n ex in which the state |α is occupied with probability ρ α . We only consider bound exciton states to be occupied here since the contribution from the occupied exciton states that are ionized has been included in the intraband contribution from the free carriers considered above.
The interaction between an exciton and a classical electromagnetic field of frequency ω is given by the dipole operator −eˆ r.nE(t), wheren is the field polarization unit vector. The optical intraband conductivity of the system can be found easily using standard linear response techniques and comes out to be,
We have introduced a phenomenological damping parameter τ . Using the sum rule given in (30), the bound exciton conductivity σ b (ω) is found to satisfy the conductivity sum rule,
ionized states, one can take the large frequency limit of the expression in (31) and obtain,
The above expression is valid for frequencies ω much higher than the exciton binding energies but much lower than the material optical bandgap. Using the sum rule given in (30), we obtain,
Under the assumption that the damping parameters τ , appearing in the conductivity expressions for free carriers and bound excitons, are approximately the same, we can add σ b (ω) from (34) and (25), and obtain the simple expression for the intraband conductivity of the sample at the frequencies of interest,
Note that n and p above are now the total electron and hole densities including free carriers and bound carriers (excitons). The desired expression in (22) follows immediately by taking the real part of the above expression.
Optically Induced Sample Damage and its Effect on the Optical Properties and on the Measured Dynamics: In our experiments we found that exfoliated MoS 2 monolayers (SPI Supplies and 2D Semiconductors) could easily get damaged permanently when pump fluences in excess of ∼50 µJ/cm 2 were used (452 nm wavelength). Once damaged in this way, the optical characteristics of the sample would change completely. So care needed to be exercised in ensuring that samples were not damaged during pump-probe, photoluminescence, or absorption measure-
ments. An optical microscope image and a Raman spectroscopy image of a sample damaged by pump pulses is shown in Figures 10(a) and (b). The energy splitting between A 1g and E 2g mode is much larger at the damaged spots compared to the surrounding intact areas. Similar enhancement of the mode splitting in optically damaged samples has been reported previously 64 . In addition, damaged samples exhibited large optical absorption throughout the bandgap, as shown in Figure   10 (c), indicating creating of midgap states. Finally, the transmission of the probe pulse at 905 nm wavelength in a damaged sample gets overwhelmed by the increased absorption inside the bandgap and, consequently, the dynamics observed by the probe pulse become completely different compared to the dynamics observed in an undamaged sample. A damaged sample shows a large slow component in the transient that has a time scale much longer than any of the time scales observed in an undamaged sample, as shown in Figure 10 (d). The magnitude of the slow component in the measured transient is larger in samples damaged with a higher pump fluence. We strongly feel that it is very important that the absence or presence of optically induced sample damage is checked before/after optical measurements in order to ensure that reliable data has been obtained. 
